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ARSET 
Applied Remote SEnsing Training 
 
A	project	of	NASA	Applied	Sciences	
	

TCEQ Training Course 
February 24 – 27, 2014 



Objec4ves	

•  Provide	exposure	to	the	most	useful	products	
and	tools	for	air	quality	applica4ons	

	
•  Promote	proper	use	of	data	and	tools	
	
•  Assist	users	in	organizing	informa4on	



Objec4ves	
								Promote	proper	use	of	data	and	tools	
									Theory	and	background	informa4on	
				-		Core	remote	sensing	products	
				-		Understand	strengths	and	weaknesses	
													1.		Data	
													2.		Tools			
	

					-	Evaluate	the	quality	of	tools	and	data	

	



				
	
	
	
	

Where	are	we	now	and	where	are	we	going?	
Capabili*es	in	Remote	

Sensing	and	Air	Quality	Applica*ons	
	
	
	
	
	

ARSET - AQ 
Applied Remote SEnsing Training – Air Quality 
 
A project of NASA Applied Sciences 
	



Brauer M, Ammann M, Burnett R et al.  
 GBD 2010 Outdoor Air Pollution Expert Group 
2011  Submitted –under review 

Global Status of PM2.5 Monitoring 
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Global Status of PM2.5 Monitoring 

Ground Sensor 
Network 

Population 
Density 

µ  Many countries do not have PM2.5 mass measurements 

µ Spatial distribution of air pollution derived from existing 
ground  networks does not correlate with high population 
density 

µ Surface measurements are not cost effective 

µ How about using remote sensing satellites?   



 

Why	Use	Remote	Sensing	Data?	
Spa*al	Coverage	

–				Ground	Monitors	-	Satellite	(MODIS)	Pixel	Loca*ons	
White	Areas	–	No	Data	
(Most	likely	due	to	clouds)		



Par4culate	MaLer	

•  Aerosols	absorb	and	scaLer	light.	

•  Satellites	measure	the	reflected	light.	

•  We	es4mate	total	column	aerosol.	
	
•  Total	column	aerosol	is	used	to	es4mate	
ground	levels	of	PM	2.5.	



Door	#1	

Door	#2	 Door	#3	





 
Satellite measurements are a total column, not 

always correlated with surface Air Quality !	
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AirNOW 
PM 2.5 

MODIS AOD 



Principal	Satellites	in	Air	Quality	
Remote	Sensing	

2300 Km  
MODIS 

2400 Km  
OMI 

1Km 
CALIPSO 
(CALIOP) 
 

380 Km 
 MISR 
 



Determining	Ground	Level	Exposure	Using	
Remote	Sensing	Data		

	
1)  Past	and	current	techniques	
	
2)  Current	and	future	methods	

a)  Long	term	monitoring	
b)  Real	4me	measurements	
c)  Air	quality	forecas4ng	

	



Historical	Methods	
Rela4ng	Satellite	AOD	and	Ground	

Level	PM2.5	

Correla4ons	of	MODIS	and	MISR		AOD	and	PM	2.5	
	
	



Gupta, 2008 

AOT-PM2.5	Rela*onship	



Aerosol Retrieval Evaluation 

•  Self Consistency 
–  Visual check 
–  No Angle dependency 
–  Valid cloud mask 
–  Land / Ocean continuity 

•  Comparison with “ground truth”     
 (e.g. sunphotometer) 
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AERONET: τε ~ 0.01
A “global” network



Validation of C005 dark-land τ0.55µm 

•  50 km x 50 km MODIS versus ±30 
minutes AERONET (Ichoku) 

•  QC = 3 (highest confidence) 

•  Entire MODIS mission through 
May 2008. Terra + Aqua 

•  72% within expected error of 
±0.05 ± 0.15τAERONET 

•  No difference between Terra 
and Aqua 

•  Correlation strong also for less 
signal (τ < 1) 

•  N > 65,000, for 286 sites 



•  Easy Quick-look to see how we are doing (compared with sunphotometer) 
•  Colors represent “quality” of the comparison: Best                                Worst  
•  Separate maps per season:     DJF          MAM        JJA        SON 
•  Generally good comparisons in vegetated areas 
•  Generally poor comparisons over bright and/or elevated targets 
•  Also GoogleEarth view, where each site is clickable  

Validation: by satellite, season and site 

Terra, Summer 



Terra, Summer 

Most places we do well 

Biomass  
Burning

Rio Branco

>66% within Δτ at 3 λ

GSFC

Urban 
Industrial

Beijing

Mixed 
Dust

Mongu

Biomass  
Burning



Terra, Summer 

Others, not so well 
(Lots of reasons) 

Boulder Dalanzagad

Alta Floresta

Jabiru

N<50% 
within Δτ 
at 3 λ

50%<N<66% within Δτ

N<50% 
within Δτ 
at 3 λ

N>66% at 0.55µm,  
N<66% at 0.47µm



Courtesy	of	Ray	Hoff,	AWMA	39th	Cri*cal	Review	
	

Cri*cal	Review	of	Column	AOD	to		
Ground	PM	rela*onships	

•  Widely	varying	slopes	on	this	regression	

•  Seasonal	dependence,	humidity	dependence,	
Planetary	Boundary	Height	dependence,	
regional	dependence	

•  Error	in	the	slopes	lead	to	propagated	error	in	
the	PM2.5	predic4ons	

•  Likely	not	adequate	for	regulatory	compliance	

Hoff and Christopher, 2009 



Some	Promising	Methods	
Using	Exis4ng	Data	

•  Combining	Global	Process	Models	with	Satellite	Data	
	
	
•  Combining	Sta4s4cal	Models,	Satellite	Data	and	Ground	
Measurements	

	
•  Combining	Ground	Instruments,	Lidar	and	Satellite	

Measurements	
	



The	Highest	Quality	of	Data	Rests	on	a	Tripod	
	

Satellite 
Data 

Ground 
Measurements           

and In-Situ Data 

Models 



Rela*ng	Column	Measurements	and	Ground	
Concentra*ons	

	

	

Estimated PM2.5 = η· τ (AOD) 

Some key factors we may 
need to know to  
accurately determine  

•  Vertical Structure 
• meteorological effects 
•  diurnal effects 
•  Aerosol mass 
•  aerosol type 
•  humidification of the 
   aerosol 

η 

Correlations vary from region to region as do the factors 
which have the greatest influence on η 

 

Following Liu et al., 2004: 



Van Donkelaar et al. relate satellite-based measurements of aerosol 
optical depth to PM2.5 using a global chemical transport model 

Combining Global Process Model and Satellite 
Observations 

Estimated PM2.5 = η· τ Combined MODIS/MISR 
Aerosol Optical Depth 

GEOS-Chem 

Following Liu et al., 2004: 

•  vertical structure 
•  aerosol type 
•  meteorological effects 
•  meteorology 
•  diurnal effects 

η 

van Donkelaar et al., EHP, 2011 



Reasonable agreement with coincident ground 
measurements over NA 

Satellite 
Derived 
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MODIS τ 0.40 

MISR τ 0.54 

Combined τ 0.63 

Combined PM2.5 0.78 

van Donkelaar et. at. 



•  Annual mean 
measurements 
–  Outside Canada/US 
–  244 sites (84 non-EU) 

•  r = 0.83 (0.91) 
•  slope = 0.86 (0.84) 
•  bias = 1.15 (-2.52) µg/m3 

Method is globally applicable. 
It is important to note that model performance can vary 

significantly with region 

van Donkelaar et. at. 



Creating Daily MODIS Correlation Maps Using 
PM2.5 Measurements 

Lee et. al.  Harvard  School of Public Health 

•  Can be applied to any region 
 
•  Results can be used to improve 
     daily correlations 

Combining Statistical Models, 
Satellite Data and Ground 

Measurements 



Recent	work	by	Yang	Liu	at	Emory	University	
Using	a	sta4s4cal	model	to	predict	annual	exposure	

q  Number	of	monitoring	sites:	119	
q  Exposure	modeling	domain:	700	x	700	km2	

29 



Model	Performance	Evalua*on	

Mean	 Min	 Max	
Model	R2	 0.86	 0.56	 0.92	
CV	R2	 0.70	 0.22	 0.85	

M
od

el
 

   
   

C
V

  

Putting all the data points together, we see unbiased estimates 

30 



Predicted Daily Concentration Surface 

31 



	Model	Predicted	Mean	PM2.5	Surface	

Note: Annual mean calculated with137 days 32 



 

Analysis of the relationship between MODIS aerosol 
optical depth and particulate matter from 2006 to 2008 
 
Tsai et. al. 2011 
Atmospheric Environment 

 

Using Coincident Ground Based Data, 
Lidar, and Satellite Measurements. 

 



Lidar is used to identify the  
(a) Planetary boundary layer (PBL) 
(b) Haze layer.  Elevated layer above the PBL 



Triangles indicate Terra data and circles indicate Aqua data.  
Solid and dashed lines represent the linear regressions of AM and PM 
of sunphotometer AOD corresponding to Terra and Aqua overpasses, respectively. 

Haze layer 
Bottom to Top 

Haze layer 
Top to Bottom 

PM2.5 vs. AOD PM2.5*f(RH)  
vs. AOD/PBLH 

PM2.5*f(RH)  
vs. AOD/HLHbt 

PM2.5*f(RH)  
vs. AOD/HLHtp 



Method	Applica4on	
	
•  Combining	Global	Process	Models	with	Satellite	Data	
																										Annual	and	Seasonal	
	
•  Combining	Sta4s4cal	Models,	Satellite	Data	and	Ground	

Measurements	

																									Daily	Predic4on,	Annual	Calcula4ons	
	
•  Combining	Ground	Instruments,	Lidar	and	Satellite	
Measurements	

																										Seasonal	Calcula4ons	
	



	

	

• 			Tuning the Satellite AOD retrieval to local conditions. 
 
•    Use of transport, forecast, numerical and statistical models. 
 
•    Use of additional satellite aerosol and trace gas data. 
 
•    Ground instrument networks for creating daily AOD – PM    
relationships 
 
•    Use of ground and space borne lidars for vertical resolution of 
aerosols and boundary layers 
 
•    Local meteorological data 
 

Steps Which Can Be Taken to 
 Improve Remote Sensing-PM2.5 Correlations 





Current and Future Prospects Satellite Data 

Several New Missions in Development 
 
Recent Launch of VIIRS 
 
Products are improving spatial resolution. 
 
Near future launch of geosynchronous 
satellites will improve temporal resolution 
 
 
Several Missions Beyond Design Life 
 
 
Loss of Main Vertical Resolving Sensor 
 
 



http://aura.gsfc.nasa.gov 



http://npp.gsfc.nasa.gov 



•   Launched October 28, 2011 on-board the Suomi 
NPP satellite. 

•   OMPS is the next generation OMI instrument and 
will continue to extend the total ozone record, past 
the lifetime of OMI. 

•  The main purpose is to measure global distribution 
of ozone in the stratosphere. 

•  Includes a Limb profiler to measure vertical 
structure of stratosphere ozone ONLY from 15 km to 
60 km. 

•  Aerosol Index (AI) and SO2  data will also be 
provided. 

•  Data only available to the Science Team.  

http://npp.gsfc.nasa.gov/omps.html 

Ozone	Mapper	Profile	Suite	(OMPS)	



http://ozoneaq.gsfc.nasa.gov/omps 





























Satellite Homepages 
•  Aura Homepage: http://aura.gsfc.nasa.gov/ 

•  Aura Validation Data Center (AVDC): http://avdc.gsfc.nasa.gov/ 

•  AIRS Homepage: http://airs.jpl.nasa.gov/ 

•  MOPITT Homepage: http://www.acd.ucar.edu/mopitt/ 

•  http://disc.sci.gsfc.nasa.gov 

o  Reverb global search tool: http://reverb.echo.nasa.gov 

o  Mirador Search/Get date:  http://mirador.gsfc.nasa.gov 

o  GIOVANNI: http://disc.sci.gsfc.nasa.gov/giovanni 

o  Near-Real Time Data: http://disc.sci.gsfc.nasa.gov/nrt/ 

The Goddard Earth Sciences Data and Information Services Center 
(GES-DISC) – Search tool for all NASA  satellite and other platform data, 
i.e. ground based, campaign, model, etc. 



Remote Sensing Capabilities  
- Current Missions 

Sensor	 Launch	Date	 Design	Length	 Resolu*on	 End	Date/Problems	

Terra	-	MODIS	 					1999	 	5	Years	 		10/3/(1)	KM	 	2015	-2016	

Terra	–	MISR	 					1999	 	5	Years	 		17.6	KM	 	2015	-2016	

Aqua	-	MODIS	 					2001	 	5	Years	 		10/3/(1)	KM	 	2018	

Aura	–	OMI	 					2004	 	6	Years	 		13	x	27	KM	 	Loss	of	data	

Parasol	-	POLDER	 					2004	 	2	Years	 		18	KM	 Out	of	A-Train	

Calipso	-	CALIOP	 					2006	 	3	Years	 5	Km	x	.2	KM	

NPP	-	VIIRS	 					2011	 	5	Years	 6	KM	

NPP	-	OMPS	 					2011	 	5	Years	 6	KM	

TES	

MOPITT	

Geosta4onary	

MSG	-	SEVIRI	 					2005	 		10	KM	

GOES	-	GASP	 					2006	 	5	Years	 4	KM/30	Min	



Remote Sensing of Aerosol Capabilities - Upcoming Missions 

Sensor	 Launch	
Date	

Measurements	 Notes	

EarthCARE	 					2015	 	Aerosols/Clouds	 LIDAR	Narrow	swath	
	

OCO-2	 					2014	 		CO2/Aerosols	 7	KM	Resolu4on/7	Yr.	

TROPOMI	 					2014	 		Aerosols/Gases	 Few	bands	

Sen4nel-3	 2014	-	2020	 		Aerosols	 Improve	A-Train	Capabili4es	

CATS	 					2014	 Aerosols/Clouds	 NRT	measurements	for	
assimila4on	into	models	

Geosta4onary	

GOES-R	 					2015	 	Aerosols	 North	America	

TEMPO	 2018-2019	 Aerosol	&	Trace	Gases	 		Cluster	

Sen4nel-4	 					2019	 Aerosol	&	Trace	Gases	 		Cluster	

MP-GEOSat	 					2018	 Aerosol	&	Trace	Gases	 		Cluster	

GEO-CAPE	 					2020	 	Aerosols		 North	America		
May	be	preempted	by	
TEMPO	



Models – Future Prospects 

Increased computing power 
 
Increased understanding of processes 
 
Increasing availability of satellite data 

Models 



The	Future	of	Remote	Sensing	and	
Air	Quality	Applica4ons	

Current Status Ground Sensors and in-Situ Data 

1.  A major source of data for priority pollutants 
Ozone and PM 

2.  Provide Validation of Satellite Measurements 
3.  Provide Necessary Information for Satellite 

Retrievals 
4.  Data can improve process models. 
5.  Networks can be used for statistical modeling 
 



Ground	Instruments	
The Weakest Link 

2400 out of 3100 counties in the 
 US (31% of total population) 
 have no PM monitoring in the  
county. 
 
 
Most of the ~1,200 monitors 
 operate every 3 or 6 days. 
 


